We report a study on transformations in absorption and emission spectra of novel bismuth (Bi) doped hafnia-yttria-alumina-silicate fiber, which arise as the result of bombardment by high-energy (β) electrons. Among the featuring data obtained, we reveal substantial growth of 'active' Bi center content in the fiber core-glass with increasing β-irradiation dosage, resulting in dose-dependent intensification of the resonant-absorption bands and enhancement of the emissive potential of the fiber in near-IR, inherent to these centers. I. Didenko, V. V. Koltashev, and V. G. Plotnichenko, "Effects of elevating temperature and high-temperature annealing upon state-of-the-art of yttia-alumino-silicate fibers doped with Bismuth," Opt. Mater. Express 6(2), 486-508 (2016). M. Dianov, "Absorption, gain and laser action in bismuth-doped aluminosilicate optical fibers," IEEE J. Quantum Electron. 46(2), 182-190 (2010).
Introduction
Exposure a matter to bombardment by nuclear particles is impactful in nuclear industry and space technology as it leads to degradation of critical properties of a nuclear reactor and may jeopardize worthiness of a spacecraft; besides, it may affect health and work safety of the personnel on-due. Thus, it is hard to overestimate the need of reliable control over dosage of such external radiations as energetic electrons, alpha and gamma particles, protons, etc. in these circumstances.
On the other hand, the effect of bombardment upon versatile properties of optical fiber also presents interest as it is utilizable as a dosage sensor, placed in a reactor's inner/outer parts or onboard of a spacecraft. Modifications of such physical characteristics as absorbance and emissivity of a fiber, during or posterior to bombardment, may be impactful for dosimetry. For radiation-sensing applications, most promising are silica based fibers, easily fabricable and relatively cheap. Among these, fibers doped with rare earths or transitional metals seem to be a relevant choice as such dopants are highly susceptible to nuclear particles in effect of internal ionization of core-glass network. For instance, susceptibility to flow of high-energy (β) electrons was recently studied by us for a variety of doped fibers; see e.g [1] . and references therein.
The current work serves to address a specific effect of β-bombardment upon absorptive and emissive potential of novel aluminosilicate fiber co-doped with Hafnium (Hf), Yttrium (Y), and Bismuth (Bi) (Bi-HYAS) [2, 3] . Bi-HYAS fiber is a kind of Bi-doped silica fibers with core co-doped with Alumina (Al) [4] , which are promising for telecom applications as capable of lase in the 1.15-1.25-μm region. In such fibers, absorption bands in VIS/NIR (centered at ~500, ~700, ~800, ~1000, and ~1400 nm) and broadband NIR emission, covering the 1.0-1.5-μm range, stem from the presence of Bi-related 'active' centers (BACs), associated with Al and Si. Besides, Bi-HYAS fiber demonstrates (because of co-doping with Hf) reduced loss beyond ~2 µm [2, 3] , which is attractive for NIR photonics.
Results and discussion
To irradiate Bi-HYAS fiber, we employed a linear accelerator, outputting a beam of β-electrons with a narrow-band spectrum (~6 MeV) in a ~5-μs pulsed mode [1, 5] . Samples of the fiber, 1-2 m in length, were placed into the accelerator's chamber for growing irradiation doses. Bombardment dosage is exemplified herein by 1 × 10 12 , 1 × 10 13 , 1 × 10 14 , and 1.0 × 10 15 cm −2 doses (further -'1' to '4'); pristine fiber is designated as '0'. Note that the irradiated fibers were relaxed for ~1 month prior to experiments.
Fabrication process of the fibers of HYAS type comprised standard MCVD / solutiondoping techniques at the preform stage and conventional drawing [2, 3] . The fiber's basic parameters are indicated in Fig. 1 .
As seen, the absorption bands in VIS/NIR are typical to BACs, associated with Al and Si. Absorption growth at <450 nm is inherent to the presence of Hf and indicates rise of scattering loss, explained by partial phase-separation because of inconsistency of sub-lattices formed by Si and Hf atoms and by the presence of non-bridging oxygens (NBOs) [2] . High numerical aperture (~0.24), large core diameter (~12 µm), and relatively high refractive-index difference (~0.02) provide multimode guidance in VIS/NIR, advantageous for the experiments on β-irradiation and measurements of the radiation-induced changes in the fiber. des of β-bom n spectra of B details of the p BC) and non-e n. The dose-dependent attenuation spectra of fiber samples (with L f variable from ~0.5 to tens cm, depending on dose received) were measured by the cutback method. The dosedependent emission spectra were obtained at pumping fiber samples (with L f = 25-30 cm) by a 1060-nm laser diode; note that the pump wavelength matched maximum of ~1-µm absorption band of Al-BACs. NIR emission was detected in 'backward' geometry, employing a 2 × 1 wavelength-division multiplexer (WDM) [3] . NIR emission lifetime was measured in the same geometry; pump light in this case was modulated at frequency 50 Hz and modulated backward emission was detected with a Ge photodetector (200-kHz bandwidth) and oscilloscope. We also measured nonlinear absorption, K nl , of Bi-HYAS fiber at pump wavelength in function of β-dose and pump power, P in . K nl was found applying formula: K nl (P in ) = -ln(T nl )/L f , where T nl = P out /P in (P out is a residing part of pump-light power). As seen from Fig. 5(a) , IA-growth in VIS at high doses ('4' and '5′) in Bi-HYAS fiber reaches ~3000 dB/m (see inset), a much higher value than that accessible in SMF-28 fiber, limited to ~100 dB/m (Fig. 3) . IA in Bi-HYAS fiber spectrally covers UV/VIS/NIR range and can be assigned to increasing the number of non-bridging oxygen-hole centers (NBOHC) and other defects such as Si-, Al-, Hf-related centers and BACs (via effective re-charging of Bi atoms' proximity at capturing secondary carriers generated at β-bombardment) [5] . The dependences of IA vs. irradiation dose, specified for different spectral regions (~0.5, ~0.8, and ~1.0 µm), are shown in Fig. 5(b) by curves 1, 2, and 3 , respectively. The type of IA-growth in 
Bi-HYAS fiber
NIR is perspective for sensing low irradiation doses, see the dashed red line in Fig. 5(b) , where attenuation rises in proportion ~0.1 (dB/m) / cm −2 . Figure 6 snapshots, for increasing β-doses, the changes in the emissive potential of Bi-HYAS fiber at excitation into ~1-µm absorption band @1060 nm. As seen, emission beyond 1 µm, characteristic to Al-related BACs, gets steadily enhanced and broadened up to dose '3′ but then, at maximal dose ('4'), drops. These two features, schematized in Fig. 7(a) by the dashed red and yellow lines, are perspective (i) for 'conventional' sensing low doses, proportional to NIR emission power (in proportion ~0.05 dB / cm −2 , for L f = 30 cm), and (ii) for 'alarmistic' sensing high (say, unacceptable) doses, accumulated in a hazardous place. NIR-emission enhancement in Bi-HYAS fiber at increasing β-dose presents news: none similar was found for Hf-free Bi-doped aluminosilicate fiber [5] . Hence, Hf co-doping plays a considerable role in the effect's provenance. Indeed, apart from the sensitizing effect for generating secondary carriers at β-bombardment and so effective producing extra BACs (Fig.  5) , Hf atoms enhance flexibility of core-glass network because of abundant NBOs, allowing accommodation of optically-active dopants in almost equivalent environments [6, 7] (in our case, Bi atoms and, eventually, BACs); furthermore, Hf doping is favorable as it modifies core-glass structure, facilitating dispersion of the centers. Meanwhile, a partial decrease of NIR emission power at maximal dose '4' may be caused by worsening of core-cladding interface at such high doses, which sources growth of scattering loss (refer to Fig. 4 and the notes therein); another possible reason may be significant rise of loss in NIR at high doses, produced by irradiation-induced inherent defects of core-glass but irrelevant to the presence of Bi / Hf atoms. [Note here that pronounceability of dose-dependent rise of NIR emission in Bi-HYAS fiber also depends on its length used (in Fig. 6 , it is exemplified for L f = 30 cm): for short fibers, the effect is weaker (apparently, because of small volume of core-glass, subjected to irradiation), whereas, for long pieces of the fiber, it diminishes owing to NIR emission reabsorption in its weakly pumped rear part.]
In Fig. 8 , the pattern of nonlinear (bleachable under the action of 1060-nm pump) absorption of Bi-HYAS fiber as function of β-dose is shown. Here, lengths of fibers were chosen to fit back-proportionality to small-signal absorptions (α 0 ), characteristic to different doses, which ensures comparable optical densities. As pump wavelength matches the right slope of ~1-µm absorption band of Al-BACs (Fig. 1) , this permits effective bleaching and small residual, or unbleached, loss (α F ). Besides, the dependence of BC, defined as normalized difference (α 0 -α F )/α 0 , on β-irradiation dose is shown by blue curve 1 in Fig. 7(b) . As seen from Fig. 8 , the dose-dependent rise of resonant absorption in the BACs ~1-µm band (see curve 3 in Fig. 5(b) ) remains bleachable (compare curves 1 to 5 in Fig. 8 ) with only a slight trend of unbleached background loss to elevate, or, in other words, slight BC worsening, from ~0.9 to ~0.8 (see curve 1 in Fig. 7(b) ). This permits to conclude that, at least for the NIR region, β-bombardment leads to net growth of concentration of 'active' BACs in Bi-HYAS fiber, not to notable increase of unbleached background loss, inherent to defect centers of other -irrelevant to Bi co-doping -types.
These results present interest from a general point of view, demonstrating that irradiating a fiber of Bi-HYAS or similar type by β-electrons provides a mean to substantially increase concentration of NIR emission inherent to BACs (Fig. 7(a) ), without worsening of the centers' functionality in terms of BC (see curve 1 in Fig. 7(b) ). This effect deserves attention for laser applications as it presents a way to enhance emissivity of Bi-HYAS fiber, in analogy to impact of thermal annealing, known for to Bi-doped fibers of different types [8] [9] [10] . In Fig. 9 , we exemplify BACs-related NIR-emission kinetics for the two featuring cases: for Bi-HYAS fiber being in pristine state (black curve) and that suffered maximal irradiation 
